Inorganic polyphosphate (polyP), linear polymers of hundreds of phosphates linked by high-energy phosphoanhydride bonds, are ubiquitous in nature, having been found in all organisms examined (16, 17, 38) . Various biological functions have been demonstrated or considered for polyP depending on the levels present in different species or types of cells or subcellular compartments and on the metabolic status. These functions include actions as a substitute for ATP, as a chelator of divalent metal ions (e.g., Mn 2ϩ and Ca 2ϩ ), as a reservoir of phosphate, and in physiological adjustments to growth, development, stresses, and deprivations (5, 15, 27) .
Escherichia coli responds to stresses, acute and prolonged, in a variety of ways. One of the best understood is the stringent response to the depletion of an amino acid (3, 4) , which leads to the activation of relA and consequent massive accumulations of pppGpp and ppGpp. These nucleotides repress many genes, including those for ribosome synthesis, and activate (directly or indirectly) 50 or more genes responsible for coping with stress and starvation (4, 10) .
Another example of nutritional stress is depletion of orthophosphate in the medium, which is sensed by a phosphate regulon (Pho) (23, 26, (34) (35) (36) (37) . Cells which enter a phase of starvation for P i induce accumulation of ppGpp (32) . This induction is relA independent and depends on the spoT gene product. Low phosphate levels are detected by PhoR, which then activates PhoB, the principal phosphate regulator (22, 23, 26) . PhoB in turn activates 30 or more genes, including phoA, which encodes alkaline phosphatase (AP) (31, 35, 36) . The product of spoT produces ppGpp and also degrades ppGpp to GDP and inorganic pyrophosphate (9, 29) .
The phenotype of the E. coli mutant lacking polyP kinase (PPK), the enzyme responsible for the synthesis of polyP, is a failure to survive in stationary phase, attributable to the lack of stationary-phase gene expression (27) . In this report, we describe the accumulation of polyP during nutritional stress imposed by amino acid and P i limitation and the dependence of this accumulation on PhoB and high levels of ppGpp in vivo.
MATERIALS AND METHODS
Reagents. The sources of the reagents and related supplies used in this study are as follows: ATP, creatine kinase, DNase I, and RNase IIIa were from Boehringer Mannheim; creatine phosphate, MOPS [3- (N-morpholino)propanesulfonic acid], kanamycin, ampicillin, tetracycline, p-nitrophenyl phosphate, amino acids, polyP (type P65), and bovine serum albumin were from Sigma; [␥- 32 P]ATP and carrier-free 32 P i were from Amersham; polyethyleneimine-cellulose F thin-layer chromatography plates were from Merck; DE81 filter paper was from Whatman International Ltd., Maidstone, England; rPPXI, used in the polyP assay, was prepared and assayed as described previously (39) .
Bacterial strains, plasmids, and phages. All bacterial strains used in this study are derivatives of E. coli K-12 (Table 1) ; the K10 strains contain a missense mutation in the pit gene, which encodes a low-efficiency P i transport system (8) and displays an arsenate-resistant phenotype. Bacteriophage P1vir was used for all transduction experiments (24) .
Media and growth conditions. A MOPS-buffered minimal medium (25) contained glucose (4 mg/ml) as a carbon source and K 2 HPO 4 as the P i source; the low-P i medium contained 0.1 mM P i , and the high-P i medium contained 2 mM P i . A mixture of 20 amino acids was omitted or supplied either at 2 g of each/ml (for the amino acid-limited medium) or at 20 g of each/ml (for the amino acid-enriched medium). For studies on growth and polyP accumulation, cells were grown overnight (ϳ18 h) at 37°C in MOPS minimal medium with all 20 amino acids (20 g of each/ml), glucose (4 mg/ml), and 2 mM K 2 HPO 4 . The cultures were then diluted in fresh, prewarmed (37°C) MOPS minimal medium containing 0.1 mM P i and supplemented with either 2 or 20 g of each amino acid per ml, as indicated for specific experiments. Cultures were also inoculated into both low-P i and high-P i MOPS minimal medium without the addition of amino acids. 32 P i was added at 20 Ci/ml of medium. The cultures were grown aerobically at 37°C and monitored by turbidity at 540 nm.
Extraction of polyP for assay. The 32 P i -labeled E. coli culture (0.5 to 1.0 ml) was centrifuged at 14,000 rpm for 5 min at 4°C in an Eppendorf Microfuge. The supernatant was discarded and the pellet was suspended in a 50-l solution containing 1.5 M formic acid, 1 M urea, 0.5% sodium dodecyl sulfate, and 10 mM EDTA. PolyP, type P65 (about 65 residues long), was used as the carrier at 50 g/tube. The cell suspension was homogenized by sonication (Sonifier cell disruptor; Heat Systems-Ultrasonics, Inc.) at 0 to 3°C for three 30-s bursts at 80% output.
Enrichment of polyP for assay. An aliquot of the cell lysate (20 l) was loaded onto a DE81 disk (1.3-cm diameter) and set on a paper towel for 2 to 5 min to dry. Each disk was washed three times by shaking in 10 ml of THK buffer (10 mM Tris-HCl [pH 8.0], 100 mM KCl, 5 mM KPO 4 [pH 8.0]). Partially air-dried disks were then placed in a 0.5-ml Eppendorf tube without the cap and with a tiny hole at the bottom; the tube with disk was then placed inside a 1.5-ml Eppendorf tube. PolyP was eluted with 50 l of elution buffer (10 mM Tris-HCl [pH 8.0], 500 mM KCl) by soaking the disk in the buffer for 10 min at room temperature and then spinning for 5 s in a Microfuge; elution with 50 l of buffer was repeated three times. To the combined 200 l of eluate was added 2 l of polyP, type P65 (20 g), and 6 l of a 15% Norit suspension in water. The suspension was mixed and centrifuged for 5 min at 14,000 rpm in a Microfuge. The supernatant was transferred to a fresh Eppendorf tube and the pellet was washed twice with 400 l of 10 mM Tris-HCl buffer, pH 8.0. The supernatants were pooled for a total volume of 1.0 ml, which constituted the purified polyP extract. The DE81 adsorption of polyP and the removal of 32 P contaminants by Norit each produced a 10-fold or greater enrichment of polyP.
Enzymatic assay of polyP. To each DE81 disk in 4 wells of a 24-well Multiwell tissue culture plate (Becton Dickinson Labwares, Lincoln Park, N.J.) was added 200 l of a sample of the enriched [ 32 P]polyP; polyP was readsorbed by shaking the plates for 60 min at room temperature; supernatants were removed and discarded. The disks were rinsed three times with 1 ml of deionized water, and the washings were discarded. PPX buffer (50 mM Tris-HCl [pH 7.4], 100 mM ammonium acetate, 4 mM magnesium chloride, 10 mg of bovine serum albumin per ml) containing purified rPPX (5 g of protein/ml) was added to each of two assay wells (200 l/well), and 200 l of PPX buffer lacking the rPPX enzyme was added to the other two wells. After incubation at 37°C for 60 min, the reaction mixtures were transferred to scintillation vials. The disks were rinsed three times with 0.1 ml of THK buffer, and the washings were transferred with a multiplechannel pipette into the same scintillation vial. DE81 disks were rinsed once with 1 ml of THK buffer, dehydrated with 200 l of 100% (vol/vol) ethyl alcohol, and subsequently dried under an infrared light for 5 min. Both the pooled reaction mixture and the DE81 disk were counted separately for radioactivity with a scintillation counter. Thus, each sample was measured in duplicate, for radioactivity both released by rPPX (i.e., P i ) and retained by the disk (non-polyP). Background values were supplied by the duplicate samples which were not treated with rPPX.
Calculation of polyP levels in the assay. The average of the two enzymetreated samples was corrected by the average background of the two untreated controls. The values calculated based on the release of P i from the disk matched within 5% those for the radioactivity lost from the disk. Background values relative to the enzyme-treated samples varied from about 95%, when polyP was abundant in the culture, to only about 5%, when polyP was at minimal levels in the culture.
Measurement of 32 P i -labeled nucleotide levels. Cellular levels of ppGpp and pppGpp were measured in 32 P i -labeled cultures grown in MOPS minimal medium with or without amino acid supplementation (2 g/ml), as described previously (28, 40) .
PolyP accumulation and (p)ppGpp synthesis during stringent response. E. coli MG1655 and a phoB mutant (MG1655 phoB::Tn5) were grown in MOPS medium containing 0.4 mM P i (10 Ci of [ 32 P]orthophosphate per ml) and 20 g of amino acids per ml. At an optical density at 540 nm (OD 540 ) near 0.2, serine hydroxamate (SHX) was added (0.5 mg/ml) for induction of amino acid starvation. At time intervals after the addition of SHX, samples were removed and analyzed for polyP content. The cellular levels of (p)ppGpp were also analyzed in these samples.
Other methods. PPK activity in cell extracts was assayed as described previously (1). AP activity was measured in permeabilized cells (21) . One unit of AP activity corresponded to hydrolysis of 1 nmol of p-nitrophenyl phosphate per min per mg of protein. Protein concentrations in cell extracts were determined according to Lowry et al. (20) .
RESULTS
Influence of PhoB on accumulation of polyP. Pho regulon mutants affected in PhoB synthesis were tested for accumulation of polyP. It had been observed that in a MOPS-buffered minimal medium containing low levels of P i (0.1 mM) and amino acids (2 g/ml), large amounts of polyP accumulated in a narrow growth range (OD 540 , about 0.3) in wild-type cells (25a). The amounts of polyP accumulated by different wildtype and mutant strains grown in an amino acid-supplemented, low-P i (0.1 mM) medium to an OD 540 near 0.3 are recorded in Table 2 . A lack of PhoB due either to missense mutations (phoB63, phoB23, phoB62) or to insertional inactivation of phoB (phoB::Tn5) resulted in low levels of polyP (0.3 to 1.9 nmol/mg of protein). Inactivation of the protein kinases PhoR and CreC, which activate PhoB by phosphorylation (23, 35) , led to even lower levels (0.1 nmol/mg of protein). Mutations in phoU (⌬phoU, phoU35) and in phoR (phoR68, phoR69), which lead to constitutive expression of the Pho regulon (31, 34, 35) , resulted in polyP accumulations comparable to those in wildtype cells (Table 2) . PolyP accumulation showed variations in different strain backgrounds. The MG1655 and W3110 strains accumulated more polyP than the K10 strains.
To observe the overall effect of PhoB on growth and polyP accumulation in P i -limited medium supplemented with inadequate amounts of amino acids, a wild-type strain, MG1655 (pit ϩ relA ϩ ), and an isogenic phoB mutant strain (MG1655 phoB::Tn5) were compared (Fig. 1) . The wild-type strain transiently accumulated up to 48 nmol/mg, compared to 0.3 nmol/mg or less in the phoB mutant. When the mutant was complemented with a multicopy phoB ϩ plasmid, the transient accumulation of polyP was restored to the wild-type level (Fig.  1B) .
PPK activity and polyP accumulation. A phoB mutant (MG1655 phoB::Tn5) and the corresponding wild-type strain were compared for PPK activity during growth in a low-P i (0.1 mM) MOPS medium containing limited amounts (2 g/ml) of amino acids (Fig. 2) . In the wild type, PPK activity was at its lowest level when the accumulation of polyP was at its peak (Fig. 2A) ; PPK activity increased when the cells entered the stationary phase but were unaffected by the mutation in phoB (Fig. 2B) . PolyP accumulation depends on an insufficient supply of amino acids in a P i -limited medium. When the concentration of amino acids in the P i -limited medium was increased from 2 to 20 g/ml, the accumulation of polyP in the wild-type cells was almost completely abolished (Fig. 3B) . A corresponding culture grown in the presence of 2 g of amino acids per ml accumulated over 45 nmol of polyP per mg of protein (Fig.  3A) . Cells growing in P i -limited medium without amino acid supplementation accumulated polyP up to a maximum of 8 nmol/mg of protein (Fig. 3C) , whereas the cells growing in high-P i (2 mM) medium accumulated only about 1 nmol/mg of protein (Fig. 3D) . Thus, the supply of a limited amount of amino acids (2 g/ml) to prototrophic cells may create transient starvation due to nutritional imbalances, leading to (p)ppGpp accumulation by the stringent response. Changes in P i and/or amino acid concentration in the growth medium did not result in a significant amount of polyP accumulation in phoB mutants (data not shown).
Effects of amino acid limitation on AP induction. Synthesis of AP in wild-type cells depends solely on the P i concentration in the growth medium and is under phoB control (34, 35) . Evidence that an inadequate supply of both amino acids (2 g/ml) and P i (0.1 mM) induced PhoB synthesis was demonstrated by a significant increase in AP activity (ϳ15 units/mg of protein), which coincided with the accumulation of polyP (Fig.  4C) . There was no significant increase in enzyme activity in cells grown in medium without amino acids during this growth period; the cells contained only about 2 to 4 units of enzyme activity (Fig. 4A) . The amino acid supplement increased the growth rate initially, but the increase was not sustained after the cells reached an OD 540 of about 0.25 (Fig. 4D ). Prolonged incubation with or without the amino acid supplement led to full induction of alkaline phosphatase (ϳ300 units/mg of protein), coincident with complete depletion of P i from the medium ( Fig. 4B and D) .
Buildup of (p)ppGpp and polyP. Growth, polyP accumulation, and pppGpp and ppGpp levels were measured in the wild-type strain MG1655 growing in P i -limited medium containing an inadequate supply of amino acids (Fig. 5) . The maximum amount of polyP (ca. 48 nmol/mg of protein) accumulated at an OD 540 near 0.3, when growth was decelerating (Fig. 5A) . The downshift in the growth rate was due to a short-lived starvation imposed by the limited supply of amino acids in the growth medium. This transient starvation may correspond to the period when the cells derepress amino acid biosynthetic systems to compensate for the limited amino acid supply. The peak of polyP accumulation coincided with a corresponding increase in the level of ppGpp to about 0.9 nmol/mg of protein (Fig. 5C ). The concentration of ppGpp increased even more when the cells entered stationary phase: this increase in the level of ppGpp may have been due to SpoT-mediated accumulation, since the cells were starved for P i at this stage. The changes in the levels of pppGpp during the entire growth period were minimal (Fig. 5C ). Under these growth conditions, an isogenic strain without relA (⌬relA) accumulated large amounts of polyP (ca. 95 nmol) (Fig. 5B) . The pattern of polyP accumulation, however, was completely different. This was in response to a delayed accumulation of ppGpp which was not due to the stringent response. A growth rate downshift caused by depletion of both amino acids and P i allowed the SpoT-mediated induction of ppGpp accumulation (Fig. 5D) .
After the transient accumulation of polyP in wild-type cells, growth presumably resumed at the expense of the accumulated polyP, since the medium was devoid of P i (Ͻ1 g/ml) at this point of growth (26a). The optical density of this culture after 7 h of growth (Fig. 5A) was the same as that of a similar culture grown for 7 h in low-P i medium without amino acids (Fig. 3C) . Since the wild-type cells reached stationary phase after the complete exhaustion of P i from the medium, there could be no polyP accumulation at this stage despite the presence of ppGpp ( Fig. 5A and 5C ). In the case of the relA null mutant, the cells attained a density (OD 540 ) of only about 0.23, compared to over 1.0 for the wild type, and hence continued to synthesize polyP even after 7 h of growth (Fig. 5B) . The P i in the medium in this case was essentially diverted toward polyP synthesis rather than growth for up to 7 h; an overnight (23-h) incubation resulted in depletion of polyP from the cells and an increase in cell density (OD 540 ) to 1.3 (data not shown).
When amino acid starvation was created by incubating cells with SHX, the phoB mutant cells (MG1655 phoB::Tn5) accumulated ppGpp and pppGpp in amounts similar to those observed in wild-type cells (Fig. 6D and B) . The wild-type cells had accumulated 45 nmol of polyP at 35 min after the addition of SHX (Fig. 6A) ; however, phoB cells failed to accumulate significant amounts of polyP (Ͻ0.1 nmol/mg of protein) at any time (Fig. 6C) . A relA spoT-deleted null mutant did not accumulate either ppGpp or polyP in the presence of SHX and 0.4 mM P i (18) .
Influence of spoT on polyP accumulation. Inasmuch as the residual ppGpp synthetic activity of relA null mutants can be eliminated by spoT null mutations (40) , the double mutant was tested for both polyP accumulation and ppGpp synthesis. Cultures were grown by placing 16-h-old colonies from LuriaBertani plates directly in minimal medium as opposed to the use of overnight liquid cultures, because the strain tends to accumulate suppressor mutations when grown for long periods. Though the growth rate was very low, the cell density was considerable after 6 h of growth (OD 540 , 0.25); however, there was neither significant polyP accumulation nor detectable levels of (p)ppGpp (data not shown). These and the previous results indicate the necessity for ppGpp in polyP accumulation during growth in a P i -limited medium.
Influence of relA on polyP accumulation. Direct evidence for the role of relA, and thus for ppGpp, in polyP accumulation was obtained by increasing the expression of a truncated relA gene (relAЈ), which encodes a smaller but catalytically active peptide with ppGpp synthetic activity (33) . Gratuitous induction of ppGpp synthesis by the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible relAЈ plasmid resulted in a prompt cessation of growth, highly increased levels of ppGpp and pppGpp (Fig. 7D) , and the accumulation of over 600 nmol of polyP per mg (Fig. 7B) . The induced level of ppGpp, which exceeded 5 nmol/mg of protein, persisted over the entire period of growth (Fig. 7D) . Large amounts of polyP remained in this culture even after overnight incubation (data not shown). In wild-type cells which contained an IPTG-inducible but inactive truncated relA gene, ppGpp levels ranged between 0.8 and 1.7 nmol/mg (Fig. 7C) , and far lower levels of polyP accumulated (Fig. 7A) .
DISCUSSION
Accumulation of polyP by E. coli in the stationary phase is often assumed to provide a reservoir of energy convertible to ATP. However, this seems implausible because the metabolic turnover of ATP in E. coli consumes only a fraction of a second (6) . Even highly elevated levels of polyP, which, when expressed in phosphoanhydride bonds might be five times or more the level of ATP, could supply ATP for only a second or two. Therefore, other functions for polyP need to be con- sidered, among them a regulatory role. PolyP, even at relatively low levels, has been shown to be essential for adaptation to various stresses and for survival in stationary phase (7, 27) .
A major impediment to understanding the physiological roles of polyP has been the inadequacy of good quantitative methods. Previous methods were inexact and nonspecific and required extensive and laborious enrichments of polyP, which limited the number of analyzed samples to just a few a week. The sensitive, rapid, and definitive assay described in this report relies on enrichment of [ 32 P]polyP in E. coli extracts by adsorption on DE81 filter disks, lack of adsorption to Norit, and finally, specific hydrolysis of the polyP adsorbed to the disk by a potent yeast exopolyphosphatase.
Here, we have described how massive accumulations of polyP take place during growth in exponential phase, when the cell responds simultaneously to a limitation of amino acids and phosphate. The stringent response of E. coli involves synthesis of ppGpp and pppGpp by the ribosome-bound RelA (3, 4, 19) . These nucleotides serve as signals for the transcriptional repression of rRNA and proteins and for activation of the expression of certain biosynthetic genes. Changes in cellular levels of (p)ppGpp have also been observed in response to deficiencies of P i (11, 32) , carbon (19) and nitrogen (13) . Very low levels of extracellular P i (Ͻ4 M) induce the Pho regulon (36) . PhoB, the response regulator, turns on several genes, among them the genes for AP (phoA) and for proteins involved in P i uptake and assimilation.
In the face of low levels of P i (0.1 mM) and amino acids (by the addition of 2 g of each per ml) in the medium, polyP accumulates to high levels in the exponential phase of growth (Fig. 1A) . Under these conditions, phoB mutants accumulate little or no polyP (Ͻ1% of the wild type) (Fig. 1B and Table 2 ). Complementation of a phoB mutant with a multicopy phoB plasmid restores the capacity to accumulate polyP (Fig. 1B) . Hence, PhoB seems to have a direct role in polyP accumulation.
Both low P i and an inadequate amount of amino acids in the growth medium were required to elicit accumulation of polyP (Fig. 3A) . By contrast, there was no accumulation when the wild-type cells were grown in a low-P i medium supplemented with large amounts of amino acids (Fig. 3B) . Also, cells grown in high-P i medium did not accumulate a significant amount of polyP (Fig. 3D) . The phoB response to low P i and amino acid limitation was also demonstrated by a partial induction of AP and in the accumulations of pppGpp and ppGpp. Inasmuch as these accumulations of polyP and (p)ppGpp can also take place in relA null mutants (Fig. 5A and D) , an alternative source of these buildups must be available. Such a source is spoT: a double mutant lacking both relA and spoT accumulates neither (p)ppGpp nor polyP.
Additional evidence of the role of (p)ppGpp in polyP accumulation is demonstrated by an inducible multicopy plasmid which encodes an active RelA peptide. This plasmid carries a truncated relA gene (relAЈ) which can still encode an active RelA peptide. The massive production of both polyP and (p)ppGpp (Fig. 7B and D) attributed to this plasmid is affirmed by the far lesser responses to a control plasmid lacking the relAЈ gene (Fig. 7A and C) .
Based on the data presented here and the observations made by Kuroda et al. (18) , a tentative model which attempts to explain the mechanism of polyP accumulation in E. coli is presented (Fig. 8) . The nucleotide ppGpp, required for polyP accumulation, can be synthesized by either relA or spoT. The response regulator of the Pho regulon, PhoB, is required for polyP accumulation in P i -limited growth medium. Neither phoB nor relA spoT mutants accumulate polyP in P i -limited medium. Since a relA mutant does not accumulate (p)ppGpp during growth in a medium exhausted for both amino acids and P i , we infer that the changes in SpoT activities and/or its synthesis are required during P i starvation for the accumulation of polyP. This accumulation could occur due to a change in growth rate as a result of a shift from amino acid assimilation to synthesis, as the exogenous amino acids are depleted from the growth medium. Concurrently, a transient P i starvation is observed as the exogenous P i is diverted toward polyP synthesis.
The activities of the principal enzymes that synthesize and degrade polyP fluctuate only marginally. Therefore, polyP accumulation can be attributed to a singular and profound inhibition by pppGpp and/or ppGpp of the hydrolytic breakdown of polyP by exopolyphosphatase (PPX), thereby blocking the dynamic turnover of polyP (18) . The level of polyP in the cell may also be influenced by PPK, the enzyme which generates ATP from polyP. Turnover of polyP (resulting from its cyclic synthesis by PPK and hydrolysis by PPX) was found to be 12 min or less (25a), a result simulated by the accumulation of polyP in a reaction mixture containing purified PPK and PPX responding to the presence of pppGpp and ppGpp (18) . Suppression of the ppk feature of heat sensitivity and katE expression by extra copies of rpoS, the gene encoding the RNA polymerase sigma factor that regulates some 50 stationaryphase genes, implicates polyP in the regulation of rpoS expression and function (27) . Reduction of in vivo polyP levels by introducing a plasmid bearing a potent yeast polyphosphatase also resulted in decreased expression of RpoS (30) . Though phoB mutant cells can accumulate (p)ppGpp in response to amino acid starvation, they fail to accumulate polyP (Fig. 6) . It is possible that one or more genes of polyP metabolism are connected to the Pho regulon (via PhoB), involving energy metabolism (37) . Clearly, an additional function(s) of phoB in polyP accumulation remains to be discovered. A reduction in the amount of active RNA polymerase can occur in cells growing under nutritional stress; this, in turn, may affect promoter activities (related to polyP synthesis and utilization), depending whether or not the promoter(s) is saturated with polymerase.
